Kuiper belt objects (KBOs) are thought to be remnants of the early Solar System, and their size distribution provides an opportunity to explore the formation and evolution of the outer Solar System [1] [2] [3] [4] [5] . In particular, the size distribution of kilometresized (radius = 1-10 km) KBOs represents a signature of initial planetesimal sizes when planets form
. However, until now, there has been no observational evidence for occultation events of KBOs with radii of 1-10 km. Here, we report the first detection of a single occultation event candidate by a KBO with a radius of ~1.3 km, which was simultaneously provided by two low-cost small telescopes coupled with commercial complementary metal-oxide-semiconductor cameras. . This surface number density favours a theoretical size distribution model with an excess signature at a radius of 1-2 km (ref. 5 ). If this is a true KBO detection, this implies that planetesimals before their runaway growth phase grew into kilometre-sized objects in the primordial outer Solar System and remain as a major population in the present-day Kuiper belt.
Typically, the optical brightness of kilometre-sized Kuiper belt objects (KBOs) (with a heliocentric distance D = 30-50 au) is expected to be fainter than a magnitude of ~29 at the R band, and they are undetectable-even using telescopes with apertures of ~10 m. Observations of stellar occultations thus provide a unique opportunity to observe these small objects. Since the duration of a stellar occultation by a kilometre-sized KBO is approximately less than one second 10 , observations with time resolutions of one second or less are essential for its detection. Previous high-cadence photometric studies [11] [12] [13] [14] have discovered occultation event candidates by sub-kilometre-sized KBOs. However, there has been no detection candidate of occultations by larger, kilometre-sized KBOs, which are expected to be much less frequent events 15 . We have to monitor a large number of stars simultaneously to discover these rare occultations. Furthermore, detections of stellar occultation events with ground-based instruments must be robust to terrestrial events such as birds, aircraft and atmospheric scintillation effects. Therefore, detections with multiple independent telescopes are required for occultation observations from the ground.
To achieve a challenging occultation observation, we launched an observation project using amateur telescopes, named the Organized Autotelescopes for Serendipitous Event Survey (OASES) 16 . The OASES project uses two identical observation systems (OASES-01 and OASES-02; Supplementary Fig. 1 ). Each system consists of a 279 mm Celestron f = 2.2 Rowe-Ackermann Schmidt astrograph equipped with a ZWO ASI1600 MM-C complementary metaloxide-semiconductor (CMOS) camera and a Metabones Speed Booster SPEF-M43-BT4 focal reducer. The effective focal ratio and angular pixel scale of the observation systems are f/1.58 and 1.96 arcsec, respectively. The OASES observation systems are capable of monitoring up to ~2,000 stars with magnitudes down to V = ~13.0 in a 2.3 × 1.8° field of view simultaneously, providing signal-to-noise ratios comparable to or greater than 3-4 with a sampling cadence of 15.4 Hz at an extremely low cost (~US$16,000 per single system). Fig. 1a ). The separation between the two observation systems was 39 (June 2016 to June 2017) or 52 m (July 2017 to August 2017). We selected a monitoring observation field (right ascension = 18 h 30 m 00 s; declination = − 22 ° 30′ 00′ ′ ) very close to the ecliptic (corresponding ecliptic latitude β = ~+ 0.8°) to increase the detectability of the occultation. We therefore monitor stars at β = − 0.1 to + 1.6°. During the observation, images of the selected field are obtained with each observation system for a 2 × 2 binned sequential shooting mode of 15.4 frames per second. The exposure time is 65.0 ms for each frame. Details of the OASES observation systems and monitoring observations have been described previously 16 . The dataset obtained with the OASES observations in good weather conditions amounts to 60 h of imaging data runs in total, corresponding to approximately 50 terabytes of raw data. Since the relative transverse velocity between the observer and a KBO is dominated by the orbital velocity of Earth, the duration of the occultation by a KBO with a given size depends on the KBO (or occulted star)-Earth-opposition angle 16 . In the present study, we select the data of the selected field observed close to the opposition (with an absolute field-Earth-opposition angle smaller than 30°), corresponding to 42.2 h of data runs. In the selected angle range, the transverse velocity of the KBO on a circular ecliptic orbit relative to the Earth is . The occultation shadow size of a kilometre-sized KBO is determined by the radius of the KBO and the diffraction effects, and the minimum diameter of the occultation shadow (W 0 ) is approximated with the Fresnel scale F: W 0 = 2√ 3 F
16
. For a KBO, F and W 0 correspond to F = ~1.3 km and W 0 = ~5 km, respectively, at a wavelength of 500 nm. The minimum duration of a KBO occultation (τ 0 ) is thus written by τ 0 = W 0 /v rel and corresponds to 0.2-0.3 s for the selected data runs. Therefore, we searched for simultaneous flux drops with a duration timescale comparable to τ 0 . From 26,400 time-sequential images obtained within each data run, we performed aperture photometry for stars with square apertures to produce light curve datasets using a data reduction pipeline developed for the OASES observations 16 . Until now, the obtained light curve datasets include 7.18 × 10 9 photometric measurements corresponding to approximately 1.30 × 10 5 star hours (the number of observation hours multiplied by the number of observed stars). The detectability of the occultation depends highly on the signalto-noise ratios of light curves. We thus select light curve datasets with signal-to-noise ratios greater than four. The selected light curve datasets include 3.35 × 10 9 photometric measurements corresponding to approximately 6.05 × 10 4 star hours (Fig. 1 ). Since the two OASES observation systems are capable of highspeed photometry, they are expected to detect an occultation event in two or more flux measurements on their light curves independently. Therefore, we searched for consecutive flux drops detected with the two systems simultaneously (see Methods). We discovered one occultation candidate in the dataset of a monitoring field star at an ecliptic latitude of β = ~+ 0.2° ( Fig. 2 ; see also Supplementary Video 1 and Supplementary Fig. 2 ). The probability of false detection of such an event due to statistical fluctuations is estimated to be ~1 × 10
and the corresponding expected number of the false detections in our total datasets is 0.03 (see Methods and Supplementary  Figs. 3-5 ). We should note that the false positive probability calculations do not rule out an extremely rapid (with a timescale of ~0.1 s) and large-scale (larger than ~40 m in physical scale) atmospheric event that affects both observation systems simultaneously. The possible events, such as atmospheric scintillation and cloud attenuation, occur below the tropopause (corresponding to an altitude of ~15,000 m), and the angular scale of these events should be larger than around several arcminutes. Therefore, similar flux variations due to the atmospheric event would be observed simultaneously for stars at angular distances from the candidate star of less than the angular scale. Figure 3 shows the light curves of the nearby stars obtained at the same time as the event candidate. Simultaneous flux variations were not observed in the light curves of the nearby stars. The present results are consistent with the assumption that the observed event candidate is a true detection. We also note that detections of occultations by the other Solar System populations are unlikely. According to the results of a previous ecliptic survey 17 of main-belt asteroids, the expected occultation rate of main-belt asteroids is about three orders of magnitude less than the present detection rate. The expected occultation rate of the other Solar System populations is much less frequent, and a KBO is thus the object most likely to cause the detected occultation. This is the first detection of an occultation candidate by a kilometre-sized KBO provided by multiple telescopes. Assuming that the spherical occulting object lies on a circular KBO orbit with an inclination of 0.2°, the best-fit radius yields . − . + . 1 3 0 1 0 8 km ( Fig. 2 ; see also Methods). With the reported ecliptic latitude distribution 18 and effective angular survey area for our occultation observations (Supplementary Fig. 6 ; also see Methods), our single occultation detection yields a surface number density of KBOs with radii larger than 1.2 km of . − . + .
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12 7 × 10 5 deg −2 around the ecliptic (Fig. 4 ). This surface number density is slightly lower than the upper limit obtained with a previous occultation survey: the Taiwanese--American Occultation Survey (TAOS) 15 . Direct observations of larger-sized KBOs show that there is a possible break of size distribution at a radius of ~45 km [19] [20] [21] . Assuming that the size distribution for KBOs with radii smaller than 45 km can be described by a single power-law function (that is, N(> r) ∝ r 1−q ), we find q = . − . + . , which is consistent with the previous occultation survey results of sub-kilometre-sized KBOs (q = 3.8 ± 0.2 (ref. 12 ) and q > 3.5 (ref.
14 )) and marginally comparable to the 95% confidence level upper limit obtained in the TAOS survey (q < 3.34-3.82 (ref. 15 )). At a 95% confidence level, the surface number density with radii larger than 1.2 km (3 × 10 4 -7 × 10 6 deg −2
; Fig. 4 ) is greater than that of the modelled scattered disk KBO abundances required to be the source for the observed distribution of the Jupiter family comets 22 (0. , respectively, assuming a projected sky area for each population of 10 4 deg 2 ). Our results thus indicate that the number density of kilometre-sized KBOs is sufficient to supply the nuclei of the Jupiter family comets if their source population is a scattered disk. However, we are not able to exclude any of these populations as source populations. In contrast, our results rule out a simple extrapolation of the size distribution of KBOs observed directly (with sizes down to r ~ 10 km) 25 at a 95% confidence level (Fig. 4) . This possible discrepancy suggests a second break or excess of the size distribution at r = 1-10 km, as predicted by several theoretical models 5, 26 . Our present results favour a theoretical size distribution model with an assumption that outer Solar System objects are formed from kilometre-sized planetesimals via the runaway growth phase 5 (Fig. 4) . According to the model, small planetesimals leave an excess signature in the size distribution of KBOs that corresponds to a typical size of an initial planetesimal population and is not erased after 4.5 × 10 9 years of collisional evolution. Our results are consistent with an excess signature of the KBO size distribution at a radius of 1-2 km, which is predicted by the model assuming initial planetesimal radii ranging from 0.4-4 km 5 . However, there is still large statistical uncertainty in the estimated surface number density due to the single event detection in our observations.
To gain a stricter constraint on the size distribution, we plan to carry out further monitoring observations and increase the number of detected occultations. Our detection promises that ongoing and future surveys with multiple high-speed instruments such as TAOS II 27 , CHIMERA 28 and Colibri 29 will provide more detailed and remarkable characteristics of the KBO size distribution via stellar occultations. Our results also demonstrate the potential of optical high-cadence observations using amateur telescopes and low-cost CMOS cameras to discover small KBOs. Large occultation surveys, as well as OASES and other small projects by amateur astronomers and citizen scientists, will reveal the nature of small outer Solar System objects hidden in the darkness. Letters Nature astroNomy methods Detection algorithm. In several light-curve datasets, low-frequency (with timescales larger than several seconds) flux variations are seen. These variations are probably due to changes in atmospheric transparency and could result in degrading the detection performance of occultations. To remove these variations, a numerical high-pass filter with a cut-off timescale of seven times the minimum occultation duration timescale τ 0 has been applied to light-curve datasets. We should note that the choice of the cut-off timescale is not critical for the present results, as long as it is sufficiently larger than τ 0 and smaller than that of the typical low-frequency flux variations (~20 τ 0 ).
In light-curve datasets for each star, typically consisting of ~26,000 × 2 flux bins, we search for occultation event candidates using the 'rank statistics method' 30 . In this method, one calculates the descending order of rank of the flux at each time bin in a light-curve dataset and compares the products of the ranks obtained with individual systems i at the same time bin j (r ij ). If a flux drop due to an occultation occurs in the light curves simultaneously, one can detect the occultation as an extraordinary large value of the sum of the logarithmic rank product at a time bin j (η(j); see ref. 30 ), which is defined as follows:
where N is the number of time bins in a light curve dataset for each star and each observation system, and T is the number of observation systems (T = 2 for the present study). This method was originally developed for the detection of simultaneous flux drops and the calculation of their statistical significances in light curves obtained with multiple independent instruments. However, the number of instruments currently used for the OASES observations (T = 2) is insufficient to detect any event with high statistical significance using this method 30 . Therefore, we only use this method as a detection method of simultaneous flux drops. For the rank statistics method, we perform a smoothing process of the light-curve dataset using a moving average filter with a window whose width corresponds to τ 0 . This smoothing process makes it possible to detect consecutive flux drops efficiently. Due to extremely rapid fluctuations of atmospheric conditions, several data runs could suffer correlations between two systems' light curves, which would possibly give rise to a larger number of false detections in the rank statistics method 30 . We thus perform correlation tests on the smoothed light-curve datasets with their signal-to-noise ratios greater than 10 for each data run, as proposed by ref. 30 . We currently use the light curve datasets obtained in the data runs that pass the tests. In these datasets, we searched for occultation candidates with η greater than 14. Furthermore, to find candidates with sufficient statistical significances, we selected light curves of event candidates with χ 2 values calculated for the fit of a flat light curve (corresponding to a light curve of no event) greater than 10 for each system and 25 for the sum of the two systems' values. We found 2,431 candidates in total.
In the candidates, there are a large number of false detections due to the photometry of images showing time variations of their point spread functions. These variations are caused by instantaneous tracking imperfections and result in false flux estimates. For the occultation candidates detected in the rank statistics method, we re-performed the aperture photometry using larger circular apertures to produce light curves without the effect of the point source variations. With the reproduced light curves, we select candidates according to the following criterion:
(1) Flux drops with P values obtained from χ 2 test results for the fit of a flat light curve (corresponding to P values of the individual groups of flux measurements) smaller than 3.3 × 10 −4 for each system.This statistical significance corresponds to the expected significance for the occultation event by a 0.8 km KBO in a light curve with a signal-to-noise ratio of ~5. Ten event candidates pass the test. For the candidates, we check the imaging data of the event candidate stars to determine whether the flux drops are due to severe instantaneous tracking errors possibly caused by strong winds or confusions with nearby sources and artefacts. After that, assuming that an identical occultation event with a duration longer than a single time bin is detected with the two systems simultaneously, we check the event candidates using the light curves normalized to average fluxes (Fig. 2a) We found one occultation event candidate that satisfies these criteria ( Fig. 2 and Supplementary Video 1; see also Supplementary Fig. 2 ).
False positive estimate. We calculate χ 2 values for the fit of a flat light curve to flux measurements of the event candidate in the time window used for the detection algorithm (corresponding to two and three measurements for OASES-01 and OASES-02, respectively). In this calculation, we use a light curve normalized to the average value of flux measurements outside the time window and within 7τ 0 (corresponding to ~0.6 s-the same duration of the moving average filter used in the detection algorism) before and after the window central time. . The dominant noise source of the two light curves is expected to be random detector readout noise. Supplementary Fig. 3a ,b shows the P value distributions for the light curves obtained with OASES-01 and OASES-02, respectively. No clear trend is apparent in each distribution. Therefore, we assume that the light curve datasets of the occultation event candidate are independent and identically distributed. We derive the combined P value of the event candidate using Fisher's method. Assuming that the two P values obtained at the same time bin (P 1 and P 2 ) derived from independent and identically distributed datasets, the distribution of − 2 times the logarithm sums (− 2(ln[P 1 ] + ln[P 2 ])) follows the χ 2 distribution with 4 (corresponding to 2 times the number of datasets) d.f. Using this Fisher's method, the combined P value of the event candidate is derived to be 1.58 × 10 −8 . Supplementary Fig. 3c shows the combined P value distribution for the observed two systems' light curves. No clear trend is apparent in the distribution. This distribution is consistent with the assumption that the obtained P value for the event is reasonable. For random fluctuations with P values equal to or smaller than that for the event candidate, the probability of producing flux drops that satisfy detection criteria (1), (2) and (3) is estimated to be ~6 × 10 . The upper and lower red curves correspond to upper and lower limits at the 95% confidence level. The yellow area shows a 1σ range for our best estimate of the power-law size distribution normalized to N (r > 45 km) obtained with direct searches 25 . We assume that the albedo and distance of the KBOs discovered by direct searches are 4% and 42 au, respectively, when converting the observed R band magnitude distribution into the size distribution. The black square and diamond are the results of previous optical occultation surveys using the Hubble Space Telescope's Fine Guidance Sensors (HST/FGS) 12 and CoRoT space telescope 14 , respectively. In addition, a 95% upper limit from the TAOS occultation survey 15 is shown as the dashed line. The grey lines and areas labelled CB, P and SD are theoretical estimates based on models of the classical belt 24 , Plutinos 23 and scattered disk KBOs Letters Nature astroNomy an insufficient significance for one of the systems and those with different timings and depths are rejected by the other criteria, and the probability thus becomes small. The probability of false detection due to a chance coincidence of the random fluctuations is ~9.0 × 10
, and the expected number of false detections in our total datasets is approximated to be 0.03.
In case the combined P value distribution has an excess at the low end due to an irregular condition, the combination of the obtained P values (P 1 and P 2 ) can be underestimated. To address this concern, we carried out a test using the light-curve datasets. Supplementary Fig. 4 shows the histogram of the combined P values of observed simultaneous flux drops overlaid with the distribution expected from Fisher's method. To investigate the characteristics of the light curves under similar atmospheric conditions, we use the light-curve datasets obtained within 20 min before and after the occultation event candidate. Since the obtained distribution has no excess feature at lower P values, we found no evidence of underestimation of the combined P value of the event candidate.
In addition, we estimate the possibility of the false detection at the extreme lower P value end to address the concern that the event candidate was a false positive detection due to a temporary condition. We select light-curve datasets of stars obtained within 2 h before and after the occultation event with signal-to-noise ratios of 4-6 (comparable to those of the event candidate: ~5). The number of corresponding flux measurements obtained with each system is 2.2 × 10 7 .
Assuming that the datasets are independent, we permuted the flux measurements obtained with OASES-01 to those obtained with OASES-02 and simulated 4.8 × 10 14 flux measurement pairs to determine the probability of the false positive detections due to random noise, as shown in Supplementary Fig. 5 . In these simulated measurements, we found 4.6 × 10 3 flux drop events that satisfy the detection criteria with their combined P values less than that of the observed occultation event candidate (1.58 × 10
−8
). The probability of simultaneous flux drops due to random fluctuations is thus approximated to be (4.6 × 10
3 )/ (4.8 × 10 14 ) = ~9.5 × 10
, which is consistent with that derived by the previous false positive estimate (~9.0 × 10
−12
). From the test results mentioned above, we conclude that the probability of our occultation event candidate arising from random fluctuations within our dataset is approximately 3%.
Light-curve fit. In addition to the size, impact parameter and distance of the KBO, we also consider the angular diameter and spectrum of the occulted star in the calculation of the theoretical light curve (Fig. 2b) . To estimate the angular diameter and spectrum of the occulted star (Gaia DR2 source id: 4089842750319814784), we carried out a spectral model fit with the following flux catalogue data: Gaia DR2 (ref. . With the best-fit parameters, selected stellar spectral model and system efficiency of the OASES camera unit 16 , the theoretical light curve for the fit is calculated with a model based on the occultation simulation described in ref. 10 . The selection of the stellar spectrum model does not affect the theoretical light curve (smaller than 1% of the intensity of the theoretical light curve integrated over each time bin). The best-fit results are shown in Fig. 2b .
Since the global positioning system time synchronization of the current OASES systems did not work perfectly, we carried out an additional timing calibration using meteors that appeared in the observation data (see ref. 16 ). After the calibration, the timing between the two systems is synchronized with the 1σ accuracy of 8 milliseconds, corresponding to ~1/10 of the single-frame exposure time. This timing uncertainty is not critical for the present fit results. The bestfit parameters (radius r, impact parameter b and distance D) for individual light curves are consistent with those derived from the two light curves, yielding r = . − . where Ω(r) is an effective angular survey area of the OASES observations for KBOs with a radius r. Ω(r) can be written as:
